Anti-Mullerian hormone (AMH) is involved in the regression of the Mullerian ducts in mammalian and avian male embryos as well as the right oviduct in avian female embryos. AMH is expressed by granulosa cells of adult hens and mammals and is thought to be involved in the recruitment of follicles from the primordial pool as well as in regulating follicle-stimulating hormone (FSH) sensitivity. We have shown that AMH expression by the granulosa layer of hens is high in the small follicles but decreased in the larger hierarchical follicles. The decline in expression of AMH with increasing follicle size is associated with an increase in expression of the receptor for FSH (FSHR) in the granulosa layer, although the mechanism is not known. In this study, we tested whether vitamin D (1,25-dihydroxyvitamin D3) regulates expression of AMH mRNA in granulosa cells of the hen. Granulosa cell layers were removed from follicles 3-5 mm and 6-8 mm in size, dispersed, and cultured for 24 h in Medium 199 + 5% fetal bovine serum (n ¼ 7). The medium was removed and replaced with Medium 199 + 0.1% bovine serum albumin and vitamin D (at doses of 0, 10, and 100 nM) and cultured for 24 h. Cells were harvested and RNA was extracted for use in quantitative PCR. Parallel 96-well plates were set up to examine cell proliferation. AMH and FSHR mRNA expressions were evaluated, and all values were standardized to 18S reactions. There was a significant (P , 0.05) dose-related decrease in the expression of AMH mRNA in granulosa cells of 3-to 5-mm and 6-to 8-mm follicles in response to vitamin D. Additionally, FSHR mRNA and cell proliferation were significantly (P , 0.05) increased by vitamin D in both groups. Western blot analysis for the vitamin D receptor (VDR) showed doublet bands at the expected sizes (58 and 60 kDa) in protein isolated from the chicken granulosa layer. Immunohistochemistry was used to identify VDR within the follicle, and it predominantly localized to the nucleus of granulosa cells. VDR mRNA expression in the granulosa layer, relative to follicle development, was increased (n ¼ 4; P , 0.05) with follicle development, with greatest expression in the F1 follicle. There was no evidence for expression (mRNA or protein) of the calcium-binding protein, calbindin (CALB1), in the ovary or granulosa layer. Overall, these results suggest that vitamin D regulates AMH expression, and thereby may influence follicle selection in the hen.
INTRODUCTION
Anti-Mullerian hormone (AMH), also known as Mullerianinhibiting substance (MIS), is a dimeric glycoprotein and a member of the transforming growth factor b (TGFB) superfamily [1] . AMH is involved in the regression of the Mullerian ducts in mammalian and avian male embryos as well as regression of the right oviduct in female avian embryos [2] [3] [4] . AMH expression has been demonstrated in postnatal females, specifically by granulosa cells in the ovary of both mammals and birds [5] [6] [7] . In Amh null mice, folliculogenesis is accelerated and the mice are fertile, although the ovaries are prematurely depleted of follicles [8] . This finding suggested that AMH is primarily involved in regulation of follicle recruitment and selection within the ovary [8, 9] . In the hen, expression of AMH mRNA by the granulosa cells is highly regulated during follicular development, decreasing in expression as follicle size increases [7] . AMH increases hen granulosa cell proliferation, and elevated expression of AMH is associated with suboptimal follicle selection, suggesting that timely inhibition of AMH may be critical for optimal reproductive efficiency [10] .
In female mammals, AMH expression does not seem to be controlled by the same transcription factors implicated in regulation of AMH in the fetal male [11] , although the factors involved in regulating AMH expression by granulosa cells are not well understood. A variety of studies indicate that gonadotropins do not have a significant regulatory role in rodents or women (as reviewed in Visser and Themmen [12] ). A recent study, however, using granulosa cells from cows, showed that follicle-stimulating hormone (FSH) inhibits AMH production [13] . The oocyte has been shown to increase granulosa cell Amh mRNA expression in mice, suggesting a regulatory system within the follicle during development [14] . One oocyte-derived factor, bone morphogenetic protein 6 (BMP6), increased AMH in bovine and human granulosa cells [13, 15] .
AMH emerged as a target gene regulated by vitamin D (1,25-dihydroxyvitamin D3) from cDNA microarray analysis of a prostate cancer cell line. Krishnan et al. [16] found that AMH mRNA expression is up-regulated in response to vitamin D in vitro, and these investigators subsequently identified a functional vitamin D-response element (VDRE) in the human AMH promoter, demonstrating a direct effect of vitamin D on AMH expression [17] . This effect on prostate cancer cells was interesting because AMH treatment has shown antiproliferative effects in murine and human prostate cancer cell lines [18] . Additionally, vitamin D has been reported to have a variety of prodifferentiating and antiproliferative effects, and it was hypothesized that vitamin D and AMH may be mechanistically linked in the effect of both on cancer cells [16] . That is, some of the beneficial effect of vitamin D may be through AMH upregulation.
Vitamin D has a variety of physiological roles, including regulating calcium uptake, inhibiting cell proliferation, and stimulating cell differentiation [19] . This hormone primarily exerts its effects through the vitamin D receptor (VDR), a member of the steroid-thyroid-retinoid receptor family of ligand-activated transcription factors. Through its receptor, vitamin D can modify gene transcription, as well as protein and mRNA production. VDR creates a heterodimer with retinoid X receptor (RXR) and binds to VDREs in the promoter of target genes [20, 21] .
In rats, dietary vitamin D deficiency leads to a 25% reduction in overall fertility and a 70% decrease in litter size [22, 23] . Profound vitamin D deficiency induced by ablation of the 1a(OH)ase (official symbol Cyp27b1) gene results in infertility [24] , which can be rescued by supplementation with adequate calcium and phosphorus [25] . Vitamin D receptor (Vdr) null mice likewise are infertile and have impaired folliculogenesis as well as decreased aromatase expression [26] . No follicles develop beyond the secondary stage, which suggests that vitamin D plays a significant role in folliculogenesis [27] . Variable results were found when calcium supplementation was provided to Vdr null mice [26, 28] , a treatment shown to ameliorate infertility in the absence of vitamin D [25] . Relative to fertility, this may suggest that the VDR has effects in addition to regulation of calcium balance.
The ovarian hierarchy in the laying hen is tightly regulated; ovulation occurs approximately daily with selection of one 6-to 8-mm follicle into the hierarchy from the pool of growing follicles [29] . In light of the reported effect of vitamin D on AMH expression [16, 17] and the established role of vitamin D in reproductive processes [24] , we hypothesized that vitamin D may regulate AMH expression in hens. We also examined the effect on modulation of FSH receptor (FSHR) because FSH sensitivity is believed to be decreased by AMH [30] . To examine a possible mechanism for the vitamin D effect, we characterized the expression of VDR (mRNA and protein) within the hen ovary during follicle development. Finally, we evaluated the effect of vitamin D treatments on the expression of a calcium-binding protein (CALB1) in granulosa cells to examine an additional putative function of vitamin D in the hen ovary.
MATERIALS AND METHODS

Animals
Single-comb White Leghorn hens of the Babcock B300 strain (approximately 1 yr of age) were maintained on a schedule of 15 h of light and 9 h of darkness in individual cages. The hens had free access to water and food. Hens were selected for consistent laying patterns and were euthanized within 1 h of oviposition. The Institutional Animal Care and Use Committee of Cornell University approved all animal procedures and techniques.
Design
There were three approaches used in these studies. First, we examined the effects of vitamin D on mRNA expression of AMH and FSHR as well as proliferation of cultured granulosa cells isolated from 3-to 5-mm and 6-to 8-mm follicles. On the basis of these results, we hypothesized that the expression of VDR mRNA in the granulosa layer may be regulated relative to follicle maturity. Therefore, we examined VDR mRNA expression as well as protein expression of VDR in the granulosa layer of various-sized follicles using Western blot analysis and immunohistochemistry. In the third approach, we hypothesized that the calcium-binding protein CALB1 may be induced by vitamin D, and we accordingly used quantitative PCR and Western blot analysis to evaluate CALB1 expression in granulosa cells.
Granulosa Cell Culture
Granulosa cell layers were collected from the 3-to 5-mm and 6-to 8-mm follicles of a hen for each experiment (n ¼ 7 replicates). The granulosa layers from individual follicles were pooled (according to size; approximately eight from the 3-to 5-mm and six from the 6-to 8-mm follicles per hen), washed, and dispersed (as previously described in Davis et al. [31] ). A hemocytometer was used to estimate cell number and viability; viability was 95% or greater at the start of each culture. Granulosa cells were plated in six-well plates (3 3 10 6 cells per well) and cultured in 1.5 ml of Medium 199 (M199) with 5% fetal bovine serum and 1% penicillin/streptomycin at 378C with 5% CO 2 for 24 h. After 24 h, the medium was removed and replaced with M199 with 0.1% bovine serum albumin, 1% penicillin/streptomycin, and vitamin D (1,25-dihydroxyvitamin D3 at doses of 0, 10, and 100 nM). Vitamin D (10 lg) was reconstituted with 1 ml of 100% ethanol and further diluted with PBS to a working stock solution of 1 lg/ml. The working stock solution was diluted in M199 for treatments. The control treatment consisted of M199 with the equivalent amount of ethanol and PBS as in the 100 nM treatment. Cells were cultured for 24 h and then collected into Buffer RLT plus 10% bmercaptoethanol (supplied in the RNeasy micro kit; Qiagen). Samples were stored at À808C until later use. At the initiation of each culture, a 96-well plate was set up with granulosa cells (1 3 10 5 cells per well). These cells were treated in parallel to the treatments used in the cell culture (0, 10, and 100 nM vitamin D) in replicates of three. At culture termination, cell proliferation was estimated using AQueous One Solution Cell Proliferation Assay (Promega) as per the manufacturer's instructions. Absorption was measured at 490 nm, and triplicates were averaged for each culture to determine the effect of treatment on cell proliferation.
Quantitative Real-Time PCR RNA was extracted from the cultured granulosa cells using a Qiagen RNeasy micro kit according to the manufacturer's instructions and then was subjected to reverse transcription to cDNA. Quantitative real-time PCR (qPCR) was used to assess AMH and FSHR mRNA expression in response to treatment using TaqMan primers and probes. Primers were designed with Primer Express Software 2.0 (Applied Biosystems). The program defined a product of 71 bp for AMH (GenBank accession no. U61754) that spanned an intron (forward: 5 0 -CCCCTCTGTCCCTCATGGA-3 0 ; reverse: 5 0 -CGTCATCCTGGTGAAA CACTTC-3 0 ; probe: 6FAM-AGCTCCTCTTTGGCTCA-MGBNFQ). For FSHR (GenBank accession no. U51097), a product of 70 bp was defined, which spanned an intron (forward: 5 0 -GCACCTTCCAAGCCTCAGATAT-3 0 ; reverse: 5 0 -CCCTATGGACGACGGGTAAA-3 0 ; probe: 6FAM-TGTTAA TATCAAACACAGGCCT-MGBNFQ). All samples were run in duplicate and were normalized to 18S ribosomal RNA (18S) using TaqMan 18S primers and probes. Using an ABI 7000 Sequence Detection System, the PCR reactions were conducted in a 25-ll volume of reaction buffer (13 TaqMan Universal PCR Master Mix; Applied Biosystems) with 900 nM AMH and FSHR primer pairs and 250 nM probes, or 50 nM 18S primers and 200 nM probe. Control reactions without cDNA and reactions without reverse transcriptase were also run.
For assessment of VDR and CALB1 abundance with respect to follicle development, granulosa cells from 3-to 5-mm, 6-to 8-mm, 9-to 16-mm, and F1 follicles were collected directly into buffer RLT plus 10% b-mercaptoethanol (n ¼ 4-5 replicates). RNA was extracted and subjected to reverse transcription for qPCR using SYBR Green to evaluate VDR and CALB1 mRNA expression. Primers were designed as stated above, and both sets spanned an intron: for VDR (GenBank accession no. NM205098; forward: 
Western Blot Analysis
Protein lysates were made from chicken granulosa cells from 3-to 5-mm, 6-to 8-mm, and 9-to 16-mm follicles. Samples were subjected to SDS-PAGE under denaturing conditions. A total of 30 lg of protein from each sample was loaded onto the membrane. The nitrocellulose membrane was blocked in Trisbuffered saline with Tween 20 (TBST) with 5% dry milk, and the membrane was then incubated with primary antibody against chicken VDR (1:1000) for 2 h at room temperature. Primary antibody (monoclonal; MA1-710; Thermo Scientific) was made in a rat against partially purified VDR protein from chicken intestine. Subsequently, the membrane was incubated for 1 h with a goat anti-rat horseradish peroxidase-conjugated secondary antibody (1:1000; Santa Cruz Biotechnology). Protein bands were detected using enhanced chemiluminescence and examined using a Fluor Chem HD2 imager (Alpha Innotech). The procedure was similar for calbindin, except that lysate was also made from the ovarian body (ovarian stroma without the large follicles) and from chicken intestine. The primary antibody (monoclonal; CB955; Sigma) WOJTUSIK AND JOHNSON was used at a dilution of 1:3000. Secondary antibody was goat anti-mouse immunoglobulin G (IgG; A-11001; Molecular Probes) used at a dilution of 1:850.
Immunohistochemistry
Sections of intestine and whole follicles (3-5 mm and 6-8 mm) were collected from euthanized hens and fixed in 10% formalin for 24 h. The tissue was embedded in paraffin and sectioned at 4-5 lm by the Cornell University histology lab. The sections were rehydrated, deparaffinized, boiled in 0.1 M citrate for 20 min for antigen retrieval, and then blocked in 10% goat serum in PBS for 30 min at 378C. The primary antibody against VDR (monoclonal; MA1-710; Thermo Scientific) was diluted 1:100 and incubated with the sections for 1 h at 378C. Control slides were similarly incubated with rat IgG (1:50; Rockland Inc.). Alexa Fluor 488 goat anti-rat IgG was used as the secondary antibody (diluted 1:850) and incubated with sections for 1 h at 378C. A Nikon Eclipse E600 microscope with fluorescence capability was used to examine the slides. Nonspecific binding was distinguished from specific binding by evaluation of the signal using different filters (B-2E/C for AlexaFluor vs. G-2A).
FIG. 1. A)
AMH mRNA expression after treatment with vitamin D in granulosa cells from 3-to 5-mm and 6-to 8-mm follicles. AMH expression in granulosa cells from 3-to 5-mm follicles (open bars) is significantly decreased by treatment with 100 nM vitamin D, (n ¼ 7), whereas expression in granulosa cells from 6-to 8-mm follicles (solid bars) is significantly decreased by treatment with 10 nM and 100 nM vitamin D (n ¼ 7). All samples were normalized to 18S ribosomal RNA and expressed as the mean 6 SEM. Different letters indicate a significant difference at P , 0.05. Error bars indicate mean 6 SEM. B) FSHR mRNA expression after treatment with vitamin D in granulosa cells from 3-to 5-mm and 6-to 8-mm follicles. In granulosa cells from 3-to 5-mm (open bars) and 6-to 8-mm (solid bars) follicles (these are the same cells as depicted in A), FSHR expression is significantly increased by treatment with 100 nM vitamin D (n ¼ 7 each group). All samples were normalized to 18S ribosomal RNA and expressed as the mean 6 SEM. Different letters indicate a significant difference at P , 0.05. Error bars indicate mean 6 SEM. C) Proliferation of granulosa cells from 3-to 5-mm and 6-to 8-mm follicles. Vitamin D increased proliferation of granulosa cells from 3-to 5-mm follicles as well as from 6-to 8-mm follicles relative to control treatment (n ¼ 3 replicates each; P , 0.05). Error bars indicate mean 6 SEM. 
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Statistics
Statistics were performed with SAS using the general linear models procedure with protected least significance difference. Means were compared using Duncan multiple-range test, and P values of ,0.05 were considered significant.
RESULTS
Vitamin D treatment resulted in a decrease in the expression of AMH mRNA in granulosa cells from 3-to 5-mm (at the 100 nM dose) and 6-to 8-mm (at doses of 10 and 100 nM) follicles (P , 0.05; Fig. 1A) . Furthermore, FSHR expression in these same samples was also increased at 100 nM vitamin D (P , 0.05; Fig. 1B) . Proliferation of granulosa cells from 3-to 5-mm and 6-to 8-mm follicles was increased in response to vitamin D at doses of 10 and 100 nM (P , 0.05; Fig. 1C) .
There was an increase in VDR mRNA expression in the granulosa layer with increasing follicle size (P , 0.05; Fig. 2 ). Western blot analysis of VDR using lysates of the granulosa layer from follicles of various sizes (3-5, 6-8, and 9-16 mm) showed two protein bands at approximately 58 and 60 kDa (Fig. 3) . This doublet and the molecular size are representative of VDR in avian species [32, 33] . Additionally, although not quantified, the intensity of the bands supports the mRNA data (Fig. 2) . Localization of VDR is shown by immunohistochemistry in the granulosa layer (Fig. 4D) . Immunohistochemical staining appears to be nuclear, which is expected, because the classical VDR is a nuclear receptor [19] . The accompanying hematoxylin and eosinstained sections (Fig. 4, A and B) showed the cells and nuclei in the intestine and follicle. The positive control (intestine; Fig. 4C ) showed nuclear staining, and the negative control samples, with rat IgG replacing the primary antibody, did not show specific staining (Fig. 4, E and F) .
The calbindin primers were effective in amplifying CALB1 from chicken intestine (data not shown); however, we were unable to detect CALB1 mRNA expression in granulosa cells or in the ovary by quantitative RT-PCR. A protein band at the expected size of 28 kDa was observed in the intestine (Fig. 5) , although not in the ovary or granulosa layer. Similarly, no specific protein expression was detected by immunohistochemistry in ovarian tissue (data not shown). Avian intestinal, shell gland, and kidney calbindins are identical [34] , and we have no reason to think the gene would be different in the ovary.
DISCUSSION
We found that vitamin D significantly decreased AMH expression from granulosa cells of small growing follicles of the hen. Vitamin D treatment also caused a significant increase in the expression of FSHR mRNA. Such an inverse pattern of AMH and FSHR expression within the follicles of mammals has been proposed [12] . This is consistent with the finding that more follicles are recruited in mice in the absence of AMH [8] and that a putative role of AMH is to inhibit sensitivity to FSH, and therefore follicle selection [30] . In the hen, we have found that AMH mRNA is maximally expressed in the granulosa layer of 3-to 5-mm follicles [7] and declines with follicle development. It is possible that FSH sensitivity is only gained after AMH levels/actions are reduced, as suggested in mammals [12] . We have previously reported that AMH mRNA is elevated in hens with nonoptimal follicle selection [10] . It is interesting to note that AMH is also increased in women with polycystic ovary syndrome, which is characterized by excessive follicle development with poor follicle selection [35] .
In the present experiments, the decrease in AMH expression due to vitamin D treatment occurred at a lower dose (10 nM) in the granulosa cells from 6-to 8-mm follicles compared with the increase in FSHR expression after vitamin D treatment. This implies that vitamin D may directly modulate AMH expression, with a secondary effect on FSHR expression. Previous studies have shown that AMH expression in human prostate cancer cells was directly regulated by vitamin D [16, 17] . Interestingly, the effects that we observed were found at the same doses as those previously shown to directly affect AMH in prostate cancer cells [17] .
Vitamin D increased cell proliferation of granulosa cells from 3-to 5-mm and 6-to 8-mm follicles. This indicated that the decrease in AMH mRNA expression was not likely due to diminished cellular function. Additionally, although vitamin D often is inhibitory to cell proliferation [19] , the decrease in AMH expression and increase of FSHR expression in response to vitamin D characterize a more differentiated granulosa cell phenotype, another proposed function of vitamin D [19] .
We found that as follicle size increases, VDR expression in the granulosa layer also increases. Additionally, granulosa cells from 6-to 8-mm follicles are more sensitive to the lower dose of vitamin D (10 nM) relative to granulosa cells from 3-to 5-mm follicles, consistent with the numerically increased VDR mRNA expression in the granulosa layer of this population of follicles. It was previously shown that AMH mRNA expression in the hen decreases as follicle size increases [7] . It is possible that the increased expression of VDR with follicle development is part of the mechanism facilitating inhibition of AMH expression, and thus development of FSHR and increased FSH sensitivity, resulting in follicle selection. The effect of vitamin D on AMH and FSHR mRNA expression is not likely to be a nonspecific steroid effect. We have previously shown [7] that treatment of granulosa cells with estrogen and progesterone (over a range of doses) had no effect on AMH mRNA expression.
The regulation of granulosa cell AMH is poorly understood. It has been previously shown that granulosa cell AMH is increased by coculture with oocytes [14] , suggesting that the oocyte has a regulatory role. The bone morphogenetic protein 
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BMP6 has been found in the oocyte [36] and shown to stimulate expression of AMH in human granulosa cells [15] as well as bovine granulosa cells [13] . We have previously shown that AMH expression in chickens is decreased by the culture of granulosa cells with oocyte-conditioned medium [7] . This opposite effect of the oocyte could be species specific, or it may be due to multiple factors present in the oocyteconditioned medium.
During follicle development in hens, there is an accumulation of liver-derived yolk in the oocyte. The yolk proteins are taken up by the oocyte through a receptor-mediated process [37] , and these yolk proteins bind and transport calcium from the plasma into the oocyte [38] . If fertilization occurs, the resulting embryo acquires all of the calcium needed for development from the yolk until about Embryonic Day 10, after which time the eggshell becomes its main source of calcium for subsequent development [39, 40] . In the intestine, it is well documented that the calcium-binding protein, calbindin, facilitates the transport of calcium through cells [41, 42] . Although the yolk proteins bind calcium [38] , we hypothesized that the abundant VDR in granulosa cells may facilitate calcium uptake into the oocyte through calbindin. The increase in VDR as follicles matured suggested that perhaps vitamin D plays a role in regulating calcium uptake by the oocyte for later use by the developing embryo. It is known that vitamin D regulates calcium mobilization from the embryonic yolk sac through calbindin [43, 44] . Quantitative RT-PCR was used to evaluate CALB1 expression in granulosa cells from follicles of different sizes and after granulosa cell treatment with vitamin D. In all cases, mRNA levels for CALB1 in granulosa cells were too low for detection. This result supports previous observations suggesting the VDR has multiple roles relative to fertility, not all of which relate to calcium transport [26] .
Through Western blot analysis and immunohistochemistry, we have shown that VDR is expressed in the granulosa cells of the hen ovary. Additionally, we have shown that vitamin D functions to regulate AMH and FSHR mRNA, and thereby is likely involved in the follicle-selection process. Future studies will evaluate other possible roles of vitamin D in the ovary of the hen, including its effect on steroidogenesis. It is likely that vitamin D is one of several signals, including those emanating from the oocyte, that signal follicle selection.
